Introduction
Invasive aspergillosis has become one of the leading causes of death among bone marrow transplant and leukemia patients. Even with current therapy, the mortality rate of invasive aspergillosis is 80 to 90% in immunocompromised patients. 1 Aspergillus fumigatus is responsible for 90% of invasive Aspergillus infections. 1 This ubiquitous mould releases numerous conidia into the atmosphere, which are small enough (2 to 3 µm in dia.) to reach the pulmonary alveoli after they are inhaled. 2 Once the conidia reach the alveoli, they swell and germinate, producing hyphae that invade the pulmonary parenchyma. These hyphae have a marked tropism for blood vessels. A key finding in invasive aspergillosis is angioinvasion, which subsequently leads to thrombosis and tissue infarction. [3] [4] [5] In immunocompromised hosts, invasion of the pulmonary vasculature can result in widespread hematogenous dissemination to organs such the brain, kidneys, heart and eyes. 1, 3 During angioinvasion, A. fumigatus hyphae interact with vascular endothelium. We hypothesize that this interaction plays an important role in the pathogenesis of invasive aspergillosis. Once the hyphae have entered the bloodstream, they must adhere to and penetrate the endothelial cell lining of the blood vessels to invade the deep tissues of the target organs.
In addition, the prominent thrombosis at sites of A. fumigatus angioinvasion suggests that the organism stimulates endothelial cells to become prothrombotic. A major mechanism by which endothelial cells can promote intravascular thrombus formation is by expressing tissue factor, also known as thromboplastin or CD142. [6] [7] [8] [9] This 45 kDa transmembrane cell surface glycoprotein is expressed by endothelial cells, platelets and leukocytes. It is also present on endothelial microparticles. 10, 11 Tissue factor binds to factor VII, and forms a tissue factor-factor VIIa complex, which initiates the extrinsic coagulation cascade. 7, 9 only.
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To study the pathogenesis of angioinvasion and thrombosis during invasive aspergillosis, we investigated the mechanisms by which A. fumigatus hyphae invade and injure vascular endothelial cells in vitro. We also examined whether these hyphae were able to stimulate endothelial cells to express tissue factor. only.
Material and Methods

Reagents and antibodies
Lipopolysaccharide (LPS) (Escherichia coli
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Microorganisms
Aspergillus fumigatus strains H237 and AF293 were kind gifts of Dr. Judith Rhodes (University of Cincinnati) and Dr. Paul T. Magee (University of Minnesota), respectively. Strains AF2, AF7 and AF11 were generously supplied by Dr. Nancy Madinger (University of Colorado Health Sciences Center). Candida albicans SC5314 was obtained from Dr. William Fonzi (Georgetown University). All fungal strains used in these experiments were clinical isolates.
Growth and preparation of the organisms
The A. fumigatus strains were grown on Sabouraud agar for 7 days at 37˚C. Their conidia were harvested by gently rinsing the plates with 0.1% Tween 80 in phosphate buffered saline, pH 7.4 (PBS) and then washed twice in PBS without Tween 80. Germ tubes were obtained by incubating the conidia in Sabouraud broth on gelatin coated Petri dishes for 5 to 6 hours at 37°C.
Next, the medium above the germinated conidia was aspirated and the Petri dishes were washed twice with PBS. When necessary, the germ tubes were stored overnight at 4°C. The germ tubes were harvested from the dishes with a cell scraper. By microscopic examination, the majority of the organisms were single germ tubes, with a few small clumps containing 2-4 organisms. To obtain an even more homogeneous germ tube preparation, the suspension was gently sonicated for 10 seconds using a Branson Sonifier 450 (output level 2; Branson Ultrsonics, Danbury, CT).
The C. albicans cells were grown overnight in yeast nitrogen base broth supplemented with 2% glucose (wt/vol) at 20 o C on a rotating drum. All organisms were counted in a hemacytometer and adjusted to the desired concentration in tissue culture medium (M-199 medium containing 2 mM L-glutamine, penicillin and streptomycin, and supplemented with 10% fetal bovine serum and 10% bovine calf serum), prior to use. Conidia or germ tubes were killed by incubating them only.
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Endothelial cells
Endothelial cells were harvested from human umbilical veins by the method of Jaffe et al. 13 The cells were grown in tissue culture medium. For use in the various assays, second or third passage endothelial cells were grown to confluency on a fibronectin matrix in 96-well or 24-well tissue culture plates (BD Biosciences, Bedford, MA) or on 12 mm dia. circular glass coverslips.
All incubations were at 37 o C in 5% CO 2 .
Endocytosis assay
The number of A. fumigatus conidia and germ tubes internalized by the endothelial cells was determined by a modification of our previously described differential fluorescence assay. [14] [15] [16] [17] .
Briefly, endothelial cells grown on glass coverslips were infected with 6 x 10 4 conidia or germ tubes of A. fumigatus H237 in tissue culture medium for 45 minutes. In some experiments, the microfilament inhibitor, cytochalasin D was added to the wells just before the organisms to achieve a final concentration of 70 nM. In these experiments, the control wells received an equal volume of the diluent (DMSO). At the end of the incubation period, the cells were fixed with 3% paraformaldehyde and then blocked overnight with 1% goat serum in PBS. The noninternalized microorganisms were stained by first incubating the infected monolayers with a 1:100 dilution of an anti-A. fumigatus polyclonal rabbit serum (kindly supplied by Dr. JeanPhillipe Bouchara, Université D'Angers), followed by incubation with an Alexa fluor 568 (which only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From fluoresces red) goat anti-rabbit IgG (1 µg/ml) in PBS with 1% BSA. Next, the endothelial cells were permeabilized in 0.1% (vol/vol) Triton X-100 in PBS, after which both internalized and non-internalized organism were stained with 1% (vol/vol) Uvitex (which fluoresces blue). 18 The coverslips were mounted inverted on a microscope slide with SlowFade, sealed with nail polish, and viewed under epifluorescence using filters specific for Alexa fluor 568 and Uvitex. In each high-powered microscopic field, the number of organism endocytosed by endothelial cells was determined by subtracting the number of non-internalized organisms (which fluoresced red) from the total number of organism (which fluoresced blue). At least 100 organisms were counted on each coverslip, and all experiments were performed in duplicate on at least three separate occasions. The results were expressed as both the number of endocytosed organisms per high power field (HPF).
Fluorescent microscopy
For all fluorescence microscopy experiments, the endothelial cells were grown to confluency on To detect tissue factor expression, the endothelial cell monolayers were fixed in 3.7%
formaldehyde and blocked with 1% goat serum as above. Next, the cells were incubated with 10 µg/ml of a mouse anti-tissue factor monoclonal antibody for 1 hour, followed by a FITC conjugated goat anti-mouse IgG at a 1:100 dilution. In all experiments, the coverslips were only.
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Endothelial cell injury
The amount of endothelial cell injury induced by conidia and hyphae was quantified by the release of 51 Cr as previously described. 15, 19, 20 Briefly, endothelial cells were grown to confluence in 96-well plates containing detachable wells. The cells were incubated overnight with 1 µCi of Na 2 51 CrO 4 (ICN Biomedicals, Irvine, CA) per well. The following day, the unincorporated tracer was aspirated and the wells were rinsed twice with pre-warmed Hank's balanced salt solution. Next, endothelial cells were incubated with 10 5 organisms per well in 100
µl of tissue culture medium. After incubation, the upper 50% of the medium was aspirated from each well and then the wells were manually detached from one another. The amount of 51 Cr in the aspirates and in the wells was determined by gamma counting. To measure the spontaneous release of 51 Cr, uninfected endothelial cells exposed to medium alone were processed in parallel.
In experiments with killed organisms, the equivalent volume of the supernatant from the last thimerosal wash was added to the endothelial cells to control for the release of any toxic material as a result of the thimerosal treatment.
The results were adjusted for the volume of medium removed from the wells and the percent specific release of 51 Cr was calculated using the following formula: (experimental release -spontaneous release)/(total incorporation -spontaneous release) x 100. Each experiment was performed in triplicate at least three different times. After 8 hours of incubation in medium alone, the average spontaneous release of 51 Cr was 24% ± 4%. To determine the maximal only.
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In preliminary experiments, we incubated A. fumigatus hyphae were incubated with 51 Cr under the same labeling conditions that were used for the endothelial cells. These hyphae Next, 6 x 10 5 conidia were added to the endothelial cells, the cell culture inserts or both. At the end of the incubation, the medium was gently removed and the endothelial cells were lysed by the addition of 0.5 ml of 6 N NaOH. The lysed cells were aspirated and the wells were rinsed with 0.5 ml of RadiacWash (Atomic Products Inc., Shirley, N.Y.). These rinses were added to the cell lysate. The 51 Cr activity was determined in the medium and in the cell lysates and the damage calculated as described above.
Tissue factor assay
The expression of tissue factor by the endothelial cells was measured by a colorimetric assay. 21 All reagents and solutions used in these experiments were endotoxin free. Briefly, confluent endothelial cells in 96-well plates were washed once with warm PBS and incubated with 10 5 A. 
Statistical analysis
Differences among the experimental groups were assessed using analysis of variance with the Bonferroni correction for multiple comparisons. P values of 0.05 were considered significant. 
Results
Interactions of A. fumigatus conidia, germ tubes, and hyphae with endothelial cells
We first examined the interactions of A. fumigatus conidia, germ tubes, and hyphae with endothelial cells in vitro using phase contrast microscopy. When the organisms were added to the endothelial cells as resting conidia, they settled onto the cells within 30 minutes ( Figure 1A) , and began to swell by 3 hours ( Figure 1B) . Some of these swollen conidia were visible in the perinuclear position of the endothelial cells, suggesting that they had been internalized ( Figure   1B ). After 8 hours of infection, the swollen conidia became polarized and began to germinate.
Both pear shaped organisms and a few germ tubes were visible at this time point ( Figure 1C ). During invasive aspergillosis, it is highly probable that the inhaled A. fumigatus conidia germinate and form hyphae before they come in contact with the vascular endothelium.
Therefore, we examined the endothelial cell interactions of organisms that had been pregerminated prior to being added to the endothelial cell monolayers. These germ tubes rapidly settled onto the monolayer ( Figure 1D ) and progressive elongated so that a hyphal mat was formed by 3 hours (Figure 1E ). After 8 hours of infection, this hyphal mat had completely covered the endothelial cells ( Figure 1F ).
Conidia and hyphae induce rearrangement of endothelial cell microfilaments and subsequent endocytosis
We compared the endothelial cell uptake of A. fumigatus conidia and germ tubes using a differential fluorescence assay. After 45 minutes, two-fold more conidia than germ tubes were internalized by the endothelial cells (Figure 2) . Addition of cytochalasin D, a microfilament only.
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A. fumigatus conidia and germ tubes injure endothelial cells by different mechanisms
It is known that C. albicans and Cryptococcus neoformans, which interact with endothelial cells during hematogenous dissemination, cause significant endothelial cell injury in vitro. 19, 22 We 
A. fumigatus hyphae induces tissue factor expression
In invasive aspergillosis, angioinvasion is accompanied by thrombus formation. [3] [4] [5] 23 One mechanism by which A. fumigatus can induce intravascular thrombosis is by inducing tissue factor expression by endothelial cells. We therefore investigated whether A. fumigatus conidia and hyphae stimulate endothelial cell tissue factor activity. We found that the basal level of In these experiments, the endothelial cells were stimulated with LPS as a positive control.
The time course of LPS stimulation of endothelial cell tissue factor activity was similar to that induced by A. fumigatus germ tubes, although LPS induced a greater response than did the germ tubes at 16 hours (Figure 6 inset) .
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To determine if the induction of tissue factor activity by A. fumigatus represents a generalized response to endothelial cell injury, we tested whether C. albicans could induce endothelial cell tissue factor activity. We have shown previously that this organism causes extensive endothelial cell injury. 15, 19, 20 Interestingly, endothelial cells infected with C. albicans expressed only basal levels of tissue factor activity at all time points tested (data not shown).
We also examined whether A. fumigatus germ tubes themselves express tissue factor activity by testing wells containing organisms in the absence of endothelial cells. These wells had no activity (data not shown). Finally, we omitted factor VII from the assay for tissue factor activity to determine if substances such as proteases released by A. fumigatus could mimic the activity of the tissue factor-factor VII complex and convert factor X to factor Xa. We found that in the absence of factor VII, no factor Xa was formed by endothelial cells infected with A. 
Discussion
During angioinvasion by A. fumigatus in both experimental animal models and humans, only hyphal phase organisms are visible in the tissues. 2, 4, 5, 24 This finding indicates that the hyphus is the principal form of the organism that interacts with endothelial cells and suggests that hyphae have a unique capacity to survive and proliferate within the host. We therefore compared the interactions of A. fumigatus conidia and hyphae with endothelial cells.
We found that while both forms of A. fumigatus were internalized by endothelial cells via an actin-dependent mechanism, conidia were endocytosed more avidly than were hyphae. This difference in the rate of endocytosis between the two morphologies may be due to the difference in their size. In addition, it is possible that conidia and hyphae possess different numbers and/or types of endothelial cell binding proteins on their surface. Although the endocytosis of A.
fumigatus conidia by endothelial cells in vitro has been described by others, 25 ,26 the endocytosis of A. fumigatus hyphae has not been reported previously. In autopsy studies, A. fumigatus hyphae can clearly be seen to cross the wall of the blood vessels. 4, 5, 23, 24 However, to our knowledge, the electron microscopy studies necessary to observe endothelial cell invasion by the hyphae not been performed.
A. fumigatus conidia and hyphae also differed in their capacity to injure endothelial cells.
Organisms that were added to endothelial cells as conidia caused significantly more endothelial cell injury after 8 hours than did organisms that were added to endothelial cells as germ tubes.
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Thus, there was much greater contact between the endothelial cells and the A. fumigatus cells when the organisms were pregerminated before being added to the monolayers. It is possible that conidia caused greater injury because more of them were endocytosed by the endothelial cells. It is also possible that contact with the endothelial cells induced conidia to synthesize greater amounts of injurious factors than were synthesized by organisms that were pregerminated in the absence of endothelial cells.
Another important finding was that although killed conidia caused no detectable endothelial cell injury, killed germ tubes caused as much injury as did live germ tubes. One explanation for the lack of endothelial cell injury caused by killed, resting conidia is that they must begin to swell or germinate before they can cause endothelial cell injury. The finding that killed germ tubes injured endothelial cells suggests that a factor associated with the cell surface of the germ tubes causes endothelial cell injury when the germ tubes are endocytosed. In support of this conclusion, we have found that cell wall extracts of A. fumigatus hyphae can also injure endothelial cells (Lopes-Bezerra and Filler, unpublished data).
By interposing filter inserts between A. fumigatus and the endothelial cells, we determined that direct contact between the organisms and endothelial cells appears to be necessary for endothelial cell damage to be induced under these culture conditions. Moreover, the finding that inhibiting endocytosis of the organism with cytochalasin D blocked endothelial cell injury indicates that endocytosis is an additional prerequisite for the induction of endothelial cell injury. A. fumigatus is known to secrete a variety of lytic enzymes including proteases and only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From phospholipases. 27, 28 It is possible that these secreted enzymes are most active when they achieve high concentrations in the endocytic vacuole of the endothelial cell. As mentioned previously, it is also likely that the hyphal cell wall itself is toxic to endothelial cells. However, a major difference between the two organisms is that A. fumigatus conidia are endocytosed by endothelial cells more avidly than hyphae, whereas C. albicans hyphae are endocytosed more avidly than blastoconidia. 15 There are also significant differences in endothelial cell injury caused by A. fumigatus and C. albicans. Unlike A.
fumigatus conidia, C. albicans blastoconidia do not cause detectable endothelial cell injury. 15 Furthermore, although killed A. fumigatus hyphae cause significant endothelial cell injury, killed only.
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We also found that C. albicans did not stimulate endothelial cell tissue factor activity.
This result was particularly interesting because C. albicans is known to stimulate multiple endothelial cell responses including the expression of leukocyte adhesion molecules, and secretion of pro-inflammatory cytokines and prostaglandins. 20, [29] [30] [31] The difference in the ability of A. fumigatus and C. albicans to induce a prothrombotic state in endothelial cells in vitro parallels the histopathology of infections caused by these organisms in vivo. Invasive aspergillosis is characterized by extensive intravascular thrombosis at foci of infection, [3] [4] [5] 23 whereas thrombosis is not a prominent feature of disseminated candidiasis. 32, 33 Other microorganisms, such as Staphylococcus aureus and Neisseria meningitidis are known to stimulate endothelial cells to express tissue factor in vitro [34] [35] [36] . It is likely that stimulation of endothelial cell tissue factor expression contributes to formation of vegetations during staphylococcal endocarditis and to disseminated intravascular coagulation during meningococcemia 34, 37 . Other microbial pathogens, such as cytomegalovirus, Chlamydia pneumoniae, Streptococcus sanguis, and Plasmodium falciparum may also induce tissue factor expression at sites of infection [38] [39] [40] . However, these organisms induce tissue factor expression by activating monocytes, which can express tissue factor by themselves, as well as stimulate endothelial cells to express tissue factor. Whether monocytes augment A. fumigatus tissue factor endothelial cell tissue factor expression has not yet been determined.
In summary, A. fumigatus hyphae invade endothelial cells in vitro by inducing their own endocytosis. The internalized organisms then injure the endothelial cells and stimulate them to express tissue factor. This process provides a potential mechanism for the vascular invasion and only.
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